Gravity theory based on current algebra is formulated. The gauge principle rather than the general covariance combined with the equivalence principle plays the pivotal role in the formalism, and the latter principles are derived as a consequence of the theory. In this approach, it turns out that gauging the Poincaré algebra is not appropriate but gauging the SO(N, M ) algebra gives a consistent theory. This makes it possible to have Anti-de Sitter and de Sitter space-time by adopting a relation between the spin connection and the tetrad field. The Einstein equation is a part of our basic equation for gravity which is written in terms of the spin connection. When this formalism is applied to the E(11) algebra in which the three-form antisymmetric tensor is a part of gravity multiplet, we have a current algebra gravity theory based on M-theory to be applied to cosmology in its classical limit. Without introducing any other ad-hoc field, we can obtain accelerating universe in the manner of the "inflating" universe at its early stage.
I. INTRODUCTION
There is a long history of formulating gravity as a gauge theory starting from a pioneering work of Uchiyama [1] . 1 In many cases, such attempts start with the Einstein-Hilbert action and rewrite it in terms of spin connection and tetrad both of which are vector fields rather than tensor, thus making the theory a vector gauge theory. This approach is not satisfactory in that, though the resulting theory is a vector gauge theory, the general covariance and the equivalence principle on which the Einstein theory is based are more fundamental than the gauge principle on which the standard model and its extensions are based. Another question remains whether the theory can be quantized, since the original action is the same as the Einstein-Hilbert.
Here we present a completely different approach to this problem, which we call the current algebra formulation of the gravity. We do not assume the Einstein-Hilbert action but eventually derive the Einstein equation in its quantum form based on the gauge principle but neither on general covariance nor on equivalence principle. Our formulation is quantum from the beginning and all the fields are q-numbers, although we apply our formalism to the classical case of cosmology.
In another aspect, M-theory was formulated by P. West using the Kac-Moody algebra E(11) [9] [10] [11] [12] [13] . We followed his idea and combined it with the current algebra formulation [14, 15] . Although the current algebra formulation is general and does not have to be combined with E(11) formulation of the M-theory, it turns out that we obtain interesting cosmological results in this case.
The next question is: why the current algebra formulation rather than the usual quantum theory formalism with E (11) symmetry? To answer this question, we refer to the work done in 1968 by Bardacki, Frishman and Halpern [16] .
First remember that, to get the string theory from SU(N) gauge theory, we need to take the limit N → ∞ with g 2 N fixed. Bardacki, Frishman and Halpern [16] proved that the massive Yang-Mills theory becomes a current algebra theory with current-current energy momentum tensor, if we take the limit g → 0 and m → 0. This implies that the large N limit of massive SU(N) gauge theory becomes the current-current theory, if we take m = m 0 N and N → ∞ with m 0 and g 2 N fixed. Therefore, the N → ∞ limit of SU(N) gauge theory is in fact the current-current theory presumably with some kind of Kac-Moody symmetry.
This concludes the reason we use the E(11) Kac-Moody current-current theory to describe the M-theory.
The present work is in a way to clarify and correct some of the concepts used in our previous studies [14, 15] and to apply the theory formulated in this scheme to cosmology.
We first review the current algebra formulation of gravity theory not necessarily restricted to E(11) algebra but based on SO(N, M) algebra, and make some changes in the assumption in the original formulation [14, 15] .
We start with the current algebra formulation based on general (Lie or Kac-Moody) algebra. To each generator G A of the algebra A, there is the corresponding current J A µ (x) that satisfies the commutation relations [17] :
J A m (x), J B n (y) x 0 =y 0 = 0 .
for m, n = 0. Here, x, y denote the space-time components of local Lorentzian frame of ddimensional Riemannian space-time. The indices µ, ν, . . . run from 0 to d − 1, and m, n, . . . run from 1 to d − 1.
x and y designate the spatial components of x and y, respectively.
f ABC is the structure constant of the algebra A and is given by
To understand the current algebra, we can regard it as an extension of Heisenberg commutation relation (by the term iCδ AB ∂ n ( x − y) in Eq. (2)) to include the gauge symmetry algebra or vice versa. The equation of motion for the current J A µ (x) is given by the energy momentum tensor:
where we take the local Lorentz frame g µν → η µν = diag.(−1, 1, . . . , 1) and
Note that, in our notation, duplicate indices A, B, . . . are summed even if both of them are upper (or lower) indices.
The energy momentum tensor is constructed to satisfy the Schwinger commutation relation [18] which is the manifestation of local Lorentz invariance:
The equation of motion is given as
where
Then we obtain the following two equations from Eqs. (8) and (9):
and
The most important interpretation of Eqs. (10)-(12) for our purpose is that we can regard the current J A µ (x) as the gauge field itself. Then, we observe that Eq. (10) is gauge covariant with the usual gauge transformation based on the algebra A. With this observation, Eq. (12) is the gauge fixing equation (Landau gauge) rather than the dynamical equation. For this interpretation to be valid, it is important to realize that the affine connection Γ ν µλ in the local Lorentz frame satisfies
Therefore, we obtain
Under this interpretation, we can ignore Eq. (12) if we want to use some other gauge fixing.
The only dynamical equation we have is, therefore, Eq. (10).
This interpretation becomes important when we apply the above method with A to be SO(N, M) or E (11) . In these cases, Eq. (10) is gauge covariant and also general covariant if we assume the affine connection Γ ν µλ to be symmetric in µ and λ, i.e., the torsion-less condition.
In fact, all these geometric variables such as the metric tensor g µν , the affine connection Γ ν µλ , and the curvature tensor R µ νκλ will be defined later in terms of the gauge fields which appear in Eq. (10).
Since in writing Eq. (7) we take the local Lorentz frame, it is intriguing that we can obtain Eq. (10) that is automatically general covariant. In this sense the general covariance is not an input of the theory but the consequence of the gauge principle formulated in the current algebra. We will show later that the equivalence principle can be also satisfied under a certain condition, which means that we expect some possibility of its violation when this condition is not satisfied.
In this paper, we apply the above formalism to 1. A = SO(N, 1) corresponding to pure gravity with positive cosmological constant, and A = SO(N, 2) which describes the pure gravity with negative cosmological constant 2. A = E(11) with negative and positive cosmological constant in the compactified space and our (3, 1) space-time, respectively. (As we will see in Sec. V, the cosmological constant is in fact a time-dependent function.)
We also discuss the cosmological implication in the latter case.
II. CURRENT ALGEBRA FOR
The generators of the SO(N, 1) algebra are M ab (where a, b = 0, 1, . . . , N) and their commutation relations are
The currents corresponding to these generators are defined as
Then, using Eqs. (1)-(3), the current algebra based on A = SO(N, 1) is given by 2
The resulting equations of motion are
where the covariant derivative is defined as
By defining the spin connection
Equation (18) becomes
2 Note that J A µ here includes an antisymmetric tensor K ab µ . The structure constant f (ab)(cd) (ef ) = η ad δ b [e δ c f ] + · · · is read off from the commutation relation [M ab , M cd ]. The δ (ab)(cd) is defined as η ac η bd − η ad η bc , since the indices a, b, . . . denote directions in the (N, 1) flat space-time. When we discuss another algebra A where J A µ includes higher-rank totally antisymmetric tensors, we can define them in a similar way.
The next question is how we obtain the tetrad e a µ which is necessary to provide a geometrical interpretation to Eq. (21) . We follow Stelle and West [19] for this purpose and define
whereâ = 0, 1, . . . , N − 1. This means that Eq. (16) is rewritten as
where the translation is defined as Pâ := −iκCMâ N . The difference from the case of Stelle-
West [19] is that we are treating A = SO(N, 
and we also have
This can be simply rewritten as
where Dĉ µâ := δĉ a ∂ µ + ωĉ µâ .
If we adopt A = SO(N − 1, 2) and define the tetrad just as in Eq. (22) : ωâ N µ = κeâ µ (x), where N stands for one of the directions corresponding to the negative metric sign, all we obtain is the same as above except an overall negative sign in the right hand side of Eq. (24).
Thus we have the Anti-de Sitter space, just as in the Stelle-West's case.
The significance of the Stelle-West ansatz [16] is that it gives the origin of the cosmological constant as the coefficient of the equation which relates the spin connection to the tetrad.
We will generalize this coefficient later as the time-dependent dynamical field and apply it to cosmology.
A. Geometric interpretation
To give the geometric interpretation to our formalism, we define 1. space-time metric, 2. affine connection, and 3. curvature. We follow the conventional definition in each case.
1. The metric is defined as
where the tetrad e a µ is defined in terms of the spin connection as in Eq. (22) . Note that the indices a, b, . . . = 0, 1, . . . , N − 1 here.
The affine connection is defined as
with e ν a e a µ = δ ν µ . As is well known, this is equivalent tõ D c µa e a ν := D c µa e a ν − Γ σ µλ e c σ = 0 .
Equation (26) is trivially satisfied by this definition of the affine connection, when we have the torsion-less condition:
3. The curvature is defined to be
Although D cd,ab µ is defined in Eq. (19) , we sum over only a, b, . . . = 0, 1, . . . , N − 1 here, since the direction N is used to define the tetrad. As is well known, we can write the curvature R λ σµν entirely in terms of the affine connection Γ σ µλ or the metric g µν using above definitions. Using Eqs. (22) and (31), we obtain
where + for SO(N, 1) and − for SO(N − 1, 2). The Einstein equation is just the trace of this equation over λ and µ, then
The case of A = E(11) corresponds to the M-theory as initiated by P. West [9] [10] [11] [12] [13] . The essential difference from the above cases of SO(N, 1) and SO(N − 1, 2) is that the regular representation of E(11) contains not just the spin connection but the matter field/current, notably the B abc µ field/current corresponding to the three-form antisymmetric tensor field
C µνρ that appears in the low energy action of M-theory. B abc µ is a part of gravity multiplet belonging to the E(11) regular representation just like spin connection, but it is a matter field from the viewpoint of SO(10, 1) subgroup of E(11), i.e., the Lorentz group in the (10, 1) space-time of M-theory. The precise relation between B abc µ and C µνρ is given in Ref. [15] .
Moreover, in addition to the E(11) regular representation, we need another representation which is called "vector" representation ℓ(1). We assign the tetrad field/current to this representation. This seems in a way inconsistent with the idea of regarding the tetrad as a part of the spin connection described in the previous section, and we will discuss it later.
Therefore, we use two kinds of the representation of E(11) to define the currents. One is the infinite dimensional regular representation which includes the SO(10, 1) generators M ab and the antisymmetric tensor operator S abc . The commutation relations among them are
The corresponding currents are defined as (35) and the corresponding fields/currents satisfy the following commutation relations [14, 15] :
The notation is such that µ, ν, . . . = 0, 1, . . . , 10 and m, n, . . . = 1, . . . , 10 for the curved space-time, while a, b, . . . are the flat space indices which run over 0, 1, . . . , 10. We also note that the constant C has the dimension of (length) −9 and the fields/currents K ab µ , B abc µ , e a µ , . . . have dimension (length) −10 .
In addition, we define the currents which correspond to the operators belonging to the ℓ(1), or the vector representation of E(11). They include the translation P a and the com-
Then the definition of the currents (35) is modified as
where e a µ is regarded as the elfbein in constructing the gravity equation, and the commutation relations for these fields/currents are given as
In writing the commutators among elfbein e a µ (or translation P a ), there are two choices: using the Poincaré algebra SO(10, 1) × T 11 (translation) or the SO(10, 2) algebra. Let us discuss them in the next subsections III A and III B, respectively.
A. Inclusion of Poincaré algebra
One way to define the commutation relations among elfbein is as follows:
This comes from the energy momentum tensor in the tangent space P a := e a 0 (x)d 10 x with P a , P b = 0 .
By introducing the ℓ(1) vector representation operator P a , we can extend the SO(10, 1)
group to the eleven dimensional Poincaré group. This is the version we used in Refs. [14, 15] but it has a disadvantage: The resulting gravity equation deviates from the Einstein equation in a serious way.
B. Inclusion of SO(10, 2) algebra
We can correct this problem by assuming rather than the extension to the Poincaré group but to the Anti-de Sitter group SO (10, 2) . This means that the (10, 1) translation P a is identified with M a,11 in the SO(10, 2) algebra. Then we find that, combining the SO(10, 1) spin connection operator ω ab µ which belongs to the E(11) regular representation with the "vector" representation operator corresponding to the tetrad field e a µ ∼ ω a,11 µ , they constitute the spin connection of SO(10, 2) algebra. Thus we can again regard the tetrad as a part of the spin connection, just as in Sec. II. Then our gravity equation becomes the Anti-de Sitter gravity equation, which was worked out in the SO(3, 2) case by Stelle and West [19] as shown below.
Incidentally, this may imply that we can go from E(11) to E(12), extending the M-theory to the F-theory. This should happen because SO(10, 1) is a subgroup of E(11) but SO(10, 2)
is not. The regular representation of E(12) should have the SO(10, 2) transformation M, which includes both M ab in the E(11) regular representation and P a in the ℓ(1) representation. Then we can expect that the regular representation of E(11) combined with the ℓ (1) representation would form the regular representation of E(12). 3 For this purpose, all we need to do here is to change the commutation relation (42) as
We now write down explicitly the equations for e a µ , ω ab µ and B abc µ , following the recipe of the current algebra described above. We start with the elfbein field/current and obtain
where we define the spin connection
3 This needs to be studied more in detail in future works. In Ref. [15] , we regard some operators in the ℓ(1) representation as the degrees of freedom of M-branes, which correspond to the 2-form and 5-form central charges Z in the (10, 1) supersymmetry algebra {Q, Q} ∼ P + Z M 2 + Z M 5 . In the (10, 2) case, the supersymmetry algebra is {Q, Q} ∼ Z F 2 + Z F + 6 . Some researchers propose that Z F 2 can be identified with the SO(10, 2) transformation M ab [20, 21] , and our discussion seems also along this approach. The remaining Z F + 6 should be a self-dual 6-form central charge describing the degrees of freedom of the brane expanding in (6 + 2)-dimensional space-time [21] , which is closely related to the Z M 5 above. Therefore, at least, it is necessary to check whether this Z F + 6 is also included in the E(12) regular representation.
We also get the gauge fixing equation which we ignore in order to allow any other fixings:
This conservation equation can be regarded as the gauge condition (Lorentz gauge) for e a µ which becomes a part of the SO(10, 2) gauge field as shown below.
Next we consider the equation for K ab µ which is the same as in Refs. [14, 15] . Using the definition of ω ab
For the matter field B abc µ , we obtain the equation as
We define the Riemann tensor as in Eq.(31), then the gravity equation is written as
If we ignore the "matter part" B, this Eq. (50) becomes identical to the Stelle-West's maximally symmetric solution [19] derived from their basically non-polynomial Lagrangian for the case of SO(3, 2). Our case is for the SO(10, 2) and we derived this equation from the current algebra.
Let us here work backward (compared to Stelle-West [19] ) and define the spin connection for SO(10, 2) in terms of tetrad In the above discussion we can reproduce the pure gravity from the E(11) viewpoint, but actually, it contains not just spin connection and tetrad but three-form antisymmetric tensor B abc µ within the gravity multiplet. From the SO(10, 1) viewpoint, this can be treated as a kind of matter field.
We note that the factor 1/C 2 on the right hand side of Eq. (50) can be completely absorbed by using ω a,11 
This is expected since ω ab µ and B abc µ belong to the same regular representation and it is known that these gauge field equations should have no dimensionful constants in M-theory.
Of course, this does not mean the dimensionful constants disappear from our quantum theory. In the commutation relations among new B's, the constant C still appears:
IV. NEGATIVE COSMOLOGICAL CONSTANT FOR COMPACTIFIED SPACE AND POSITIVE ONE FOR OUR (3,1) SPACE-TIME
We learned above that adding e a µ which belong to the E(11) vector representation ℓ(1) amounts to enlarging SO(10, 1) to SO(10, 2), and this gives the eleven dimensional Anti-de Sitter space with the negative cosmological constant. As we will see, this provides us a clue to obtain the de Sitter space in lower dimension in our formalism. We start with the current algebra formalism with the vector representation ℓ(1). The equation of motion (50) can be rewritten using the new B abc µ and new e a µ :=
as
where a, b, . . . = 0, 1, . . . , 10. Both ω ab µ and B abc µ have the dimension of (length) −1 , and e a µ is dimensionless.
Let us now compactify the directions a, µ = 4, . . . , 9 and, as in Eq. (51), define 
for a, µ = 0, 1, 2, 3. The point is that φ(x) depends on space-time coordinate x unlike the case of Stelle-West [19] . If φ(x) is chosen to be constant, since we have a positive metric for the direction 10, the (3, 1) space-time becomes de Sitter space rather than Anti-de Sitter space.
From now on, we use the notation such that and we define
Since the ω a,10 µ equation contains the contribution from matter field B abc µ (x), the φ(x) usually depends on space-time coordinate x. We will discuss this later in this paper.
As a part of the gravity equation (50), we have
This is the equation for the (3, 1) space-time with positive cosmological constant (or function) φ 2 . We can also write down equations for other components. For example, the curvature for the compactified space satisfies
This is the equation for the compactified space with negative cosmological constant. The equation for compactified space tetrad is
The equation for the field φ(x) is obtained from the equation for ω a,10 µ (x) by substituting Eq. (60), and we obtain
Assuming ∂ µ e c ν − ∂ ν e c µ − e a µ ω c νa + ω ca µ e νa = 0, which is needed to ensure the geometric inter-pretation explained above, we have
where Γ, ∆, Θ covers 0 to 9, since the direction 10 gives vanishing contribution. Suppose φ(x) depends only on time, φ = φ(t), we obtain
where i, j, k, . . . are spatial components (1, 2, 3) in the curved spacetime. Thus the right hand side of Eq. (67) must be proportional to δ k j . The equation for φ will be discussed in Sec. V and it is crucial in the cosmological application. Equations for the other curvature components can also be written down easily but we skip them.
A. Further extension of the definition of φ field
Equation (59) can be applied to all the internal componentsÂ = 4, 5, . . . , 10 not just for the direction 10, defining the e a µ (x) current "collectively":
for a, µ = 0, 1, 2, 3 andÂ = 4, 5, . . . , 10. Then Eq. (62) becomes
We may call this the "vacuum democracy" where all the components contribute equally to the vacuum energy. Equations (67) and (68) become
(72)
These equations must be solved, combined with the equation for B:
(73)
B. Equivalence principle
Before going to apply the above formulation to cosmology, we discuss how the equivalence principle can be satisfied in our theory. Unlike the general covariance which was automatically reproduced, the equivalence principle turns out to require some conditions on the matter field and it is possible that there may be a matter field which potentially violates the equivalence principle. Our original energy momentum tensor to obtain the equations of motion is
The equivalence principle says that this must be equal to the right hand side of the Einstein equation in the local Lorentz frame. In our case, the Einstein equation can be obtained by taking the trace of Eq. (50) which reads (omitting the cosmological term and using the old B, only in this subsection)
where a, b, . . . and µ, ν, . . . run over 0, 1, . . . , 10 (only in this subsection). This requires that
where V is the volume of the compactified space. If we assume B abcd := e µ a B µbcd is a totally antisymmetric tensor, meaning that the product representation e µ a ⊗ B µbcd must belong to an irreducible representation of SO(10, 1), then the left hand side of Eq. (76) becomes
This shows that the equivalence principle is satisfied under the assumption for B abcd with
First, we assume that the classical gravity is described by Einstein equation rather than our quantum equation (57) Precisely what this means is the following.
We define the classical metric as g µν = e a µ e νa = n c|e a µ |n n|e νa |c (79)
where |c corresponds to a certain classical state and n |n n| = 1. The only case we can define the classical e a µ is when n |n n| can be replaced by |c c|, and it is not generally correct. Instead, we can define the classical e a µ by g µν = e a µ e νa when g µν is given by solving the Einstein equation, but this e a µ would not satisfy our original equation (57). The similar argument can be done for ω cd µ (x). The Einstein equation can be derived by taking the trace of Eq. (70) and it reads We now interpret this system of the equations as a classical system and apply it to the homogeneous and isotropic universe where the energy momentum tensor must take the form of perfect liquid:
where U µ = (1, 0, 0, 0), g µν = diag.(−1, g ij ). Then we obtain
Using the equivalence condition B µ∆ΓΘ = e d µ B d∆ΓΘ , we can rewrite it as
Introducing p (1) and p (2) by
we obtain
Adding the φÂ term, we have
Then the condition of accelerating universe ρ tot + 3p tot < 0 becomes
A. Simple solution
We now obtain a simple solution which automatically satisfies, 1. perfect fluid condition, 2. accelerating condition (87), 3. Inflation-like property at the initial universe and 4.
presumably similar to quintessence model at the later stage of the universe. We will also discuss the equivalence principle in the next subsection.
From now on, we assume the directions i, j, · · · = 1, 2, 3 correspond to r, θ, ϕ (polar coordinates) and e a i is diagonal as the homogeneous and isotropic universe requires. In Eq. (71), to make the right hand side proportional to δ k j , we impose here
separately. Then we must have
for certain functions FÂ(t),FÂ(t), and Eq. (71) can be solved as
where ΩÂ is an integral constant. Note that Eq. (89) with Γ = 0 requires
then we set B 0∆Θ µ = 0. Moreover, in order to obtain a simple solution, we impose the following ansatz:
where α, β, . . . = 1, 2, 3 in the flat space, and all the other components of B Ξ∆Θ µ = 0. Using this ansatz, Eq. (89) becomes
We now solve the equation for B abc µ field/current (49):
and obtain, assuming BÂB c µ = 0 for consistency,
where D β µa = δ β a ∂ µ + ω β µa . Then we can define
and Eq. (93) becomes
which tells us that H(x) must be a function of time t, and then the condition (72) is also automatically satisfied. Finally, we obtain
In order to determine the time dependence of H(t), or equivalently that of φÂ(t), we need to use the Einstein equation
with κ = l 2 P . This shows that our solution satisfies the perfect fluid condition with the following density and pressure
Note that the accelerating condition is also automatically satisfied:
The point here is that G 2Â term satisfies p = − 1 3 ρ and does not contribute to the acceleration. Coexisting with the φ 2Â term which satisfies p = −ρ, this term can be time independent as we now show.
The Einstein equation for the FriedmannLemaîtreRobertsonWalker metric (with the curvature k = 0)
is solved as
where Ω 0 is an integral constant. If this constant is negative for the + sign or is positive for the − sign, at the early time t ≪ 1, this is the same as the "Chaotic Inflation" [22] . 4 The most important and interesting aspect of this solution is that we can add arbitrary constant vacuum energy (plus or minus) to the φ 2Â term without the consequence changed.
When we add arbitrary constant Λ to the φ 2Â term in Eq. (100):
Note that we can always choose G 2Â + Λ > 0. Then the inflation factor a starts with some initial value and ends up to be the maximum value at certain time t = |Ω 0 | G 2Â , which would be identified as the end of inflation as we discuss later. This behavior is the same as Eq. (104) especially in that the inflation factor a is independent from Λ, since a shift of Λ can absorbed in the factor a 0 . At later time, only the quantum fluctuation of φÂ and GÂ can survive till even the current universe, and would be a candidate for the quintessence [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
This issue will be discussed shortly.
The constant Λ may arise from supersymmetry breaking, standard model symmetry breaking, or just from electron-positron vacuum energy. However, they contribute to the expansion of the universe neither at the initial stage nor at the current stage.
B. Equivalence principle
The left hand side is calculated to be 12 G 2Â e i σ e νi , while the right hand side is given by 2 G 2Â e i σ e νi + 6δ 0 σ δ 0 ν (∂ 0 H) 2 . This shows that the equivalence principle is not satisfied by our solution. However, we don't regard this as the defect of our theory but something to be checked experimentally: The field H does not couple to gravity except through φÂ as shown in Eq. (94), and GÂ µa couples to gravity violating the equivalence principle by a factor of 6.
C. History of universe after the inflation-like initial stage
As we saw above the combination of two fields, φÂ which is the conformal field with ρ + p = 0 and GÂ with ρ + 3p = 0, gives rise to the inflation-like behavior at the initial stage of the universe. The field GÂ is a component of the three-form antisymmetric tensor B abc µ which appears in the M-theory formulated as E(11) current-current theory [14, 15] . Due to the coexistence of these two fields, the usual ρ ∼ t −3(1+w) (w = p/ρ) rule does not work and the equation of motion gives constant GÂ and the continuity equation gives ρ φ to be quadratic in time.
At the end of inflation, φ 2Â takes the minimum value and its time derivative vanishes.
GÂ stays constant but it cannot stay by itself to satisfy the continuity equation. The reheating process would produce ordinary particles, and φÂ with constant GÂ would coexist with these ordinary particles. What are the ordinary particles? We customarily think of dark matter candidate, radiation and nuclei.
Then the question we want to raise here is: Do we really need dark matter? Or rather, what is the dark matter?
Here we want to exploit the possibility that GÂ itself plays the role of dark matter. This possibility is implied by comparing the usual dark matter which has p = 0 and GÂ with w = p/ρ = −1/3. The quintessence is usually defined to be an object which has w with −1 < w < 0, and so one might think of regarding GÂ with w = −1/3 as a candidate for the quintessence. Actually GÂ can behave like the quintessence, however, interestingly, it can also play the role of dark matter as we show below.
When the inflation is terminated and reheating is starting, the universe may be described by two components, constant GÂ and ordinary relativistic particles with p = 1 3 ρ (since we naively expect that φÂ keeps taking its minimum value after the inflation). We assume the ordinary particle density and pressure are given by
where ξ is generally time dependent.
Then Einstein equation (102) takes the form:
and its solution is
where G 2 := Â G 2Â . This is a very slow expansion compared to fast decrease in the particle density. Usually what is required for the expansion at this stage is to have a slow expansion to get ample time for the inhomogeneity created by the quantum fluctuation to develop enough. We have successfully a very slow expansion here, but maybe too slow.
If we needs a faster expansion, we may add a portion of φÂ as
which means that a certain amount of the leftover φÂ remains in the reheating stage. Then the equation becomes
Depending on the value of α, we may have an appropriate expansion speed of the universe with the limitation that the clustering can develop enough.
The role of clustering which is usually attributed to the dark matter is played by GÂ here. It has w = p/ρ = −1/3. Since it has 6 times stronger gravitational force implied by the equivalence principle (Sec. V B) and the negative pressure, it is very susceptible to gravitational collapse and is likely to exist in the form of black hole. All the clusterings, stars, galaxies and superstructures could contain the GÂ black holes in their center. Of course, it is possible that the WIMP dark matter forms a black hole with much smaller mass than the Chandrasekar or Oppenheimer-Volkov mass limit because of its small pressure, but in this case, a part of the dark matter would take the form of free particle and may be found by some method of dark matter search. In our case, since GÂ exists only in the form of black hole and a tiny mass black hole is possible, any particle-like dark matter search would fail.
D. Current Universe
We have been discussing the early universe so far within our theoretical framework. Let us now discuss the current universe.
After the density of the ordinary particles become small (more precisely, smaller than the φÂ density which is a leftover from the inflational stage due to the quantum fluctuation), the field φÂ together with GÂ again takes over the ordinary particle density. This GÂ is in fact a peculiar object which satisfies ρ + 3p = 0, and would be a replacing dark matter.
Suppose the current universe is mostly made up of φÂ with density ρ and GÂ with density α ′ ρ. Then the total density is (1 + α ′ )ρ and the total negative pressure is (1 + α ′ Several points have to be clarified to validate our assertions:
1. We are asserting that the combination of the two fields (currents) gives something similar to the chaotic inflation model. The two fields are specific components of the three-form tensor B abc µ which belongs to the same multiplet as gravity in E(11) group. One field φÂ has ρ + p = 0 just as the inflaton and behave as it. The other field GÂ has negative pressure with ρ + 3p = 0, which is playing the role of dark matter in the matter dominant universe. In the current universe, both fields play the role of quintessence.
2. This result shows a very different picture of the universe from the regular inflation model: We do not need dark matter in the universe but it is replaced by the field GÂ with negative pressure with ρ+3p = 0. The dark matter's role is to provide a sufficient clustering at the matter dominant stage. GÂ would be able to play this role, since it has 6 times larger attractive force than the regular matter with equivalence principle and it has negative pressure unlike the ordinary dark matter (massive weak interacting matter) with vanishing pressure. Since GÂ has only gravitational interaction, the most likely form of its existence is a black hole or a heavy object like neutron star, when it coexists with ordinary particles. The ordinary neutron star has the mass range of 1.2 − 1.8 solar mass, and a much lighter pulsar could also account for a star with our GÂ at its center. This speculation must be substantiated by actual calculations and experiments. As we mentioned at the end of Sec. V C, finding no particle-like dark matter but the black hole dark matter would be the first evidence of our approach.
VI. DISCUSSION OF OUR RESULTS AND CONCLUDING REMARKS
We have demonstrated that quantum gravity can be formulated using the current algebra scheme. Gauge principle is the basic principle: neither general covariance nor equivalence principle are used to formulate the gravity, but the former is automatically and the latter can be satisfied under certain conditions. This leaves a room for some matter to violate the equivalence principle, although we have no such experimental or observational candidate at this time. Actually, we presented here that what we usually call dark matter is a candidate to violate the equivalence principle.
The only basic gauge field for the gravity is the spin connection. The tetrad can be defined from this field using the Stelle-West ansatz [19] , and then all the other geometric objects like g µν , Γ ν µλ and R λ σµν are defined in terms of the spin connection gauge field. Our gravity equation is for all the components of R λ σµν and not just for the R µν as in Einstein equation. The latter can be obtained by taking the trace of the former equation. The adoption and the extension of the Stelle-West ansatz make it possible to have a negative cosmological constant for the compactified space and a positive one for our (3, 1) space-time.
We have applied the current algebra formalism to the SO(N, 1) and SO(N − 1, 2) gauge groups, but the most interesting result is obtained when we apply this formalism to E(11)
Kac-Moody algebra. Gravity multiplet contains not just the spin connection ω ab µ but the antisymmetric three-form tensor B abc µ from the viewpoint of SO(10, 1) subgroup of E(11).
This B abc µ field can be regarded as a matter field from the SO(10, 1) viewpoint. In fact, the corresponding three-form antisymmetric tensor C µνρ is the only bosonic field in low energy eleven dimensional supergravity Lagrangian.
Since E(8) is a subgroup of E(11), our theory is E(8) invariant as in the usual formulation of M-theory [39] . The E(8) current algebra using only its regular representation is supposed to cover the entire hadrons and leptons. Its relation to gravitational multiplet considered in our study (ω ab µ , e a µ , B abc µ and ψ µ ) must be worked out. This is left for the future work. The classical limit of our formalism was applied to cosmology with the time-dependent factor φÂ (Â = 4, 5, . . . , 10) which appears in the Stelle-West ansatz [19] and the field B abc µ . Then the inflationary expansion of the universe emerges as a simple solution. The φÂ field (together with some components of B abc µ ) plays the role of "inflaton" and its time dependence is determined by energy-momentum conservation law which is a part of Einstein equation.
BÂ ab µ (µ, a, b = 0, 1, 2, 3) becomes a time independent perfect fluid with p = − 1 3 ρ. Its density is constant due to its coexistence with φÂ, as our solution shows. The time dependence of φÂ gives exactly the same behavior as the inflating universe in the "chaotic inflation model" [22] , although the principle, the ingredient and the derivation are quite different.
Moreover, we used the φÂ field and the BÂ ab µ components as a candidate for "quintessence" [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] which is to explain the accelerating universe at the present time. These fields also explain the behavior of the matter dominant universe as well as the current universe: Especially the BÂ ab µ components behave like the dark matter, and they are susceptible to gravitationally collapse and to form a black hole. Then it would be related to the primordial black hole as the candidate of dark matter [40] . 5 We would like to clarify this relation in future works.
